The chemical reaction, Soret and Dufour effects on steady flow of a couple stress fluid between two rotating disks are studied. The lower disc is rotating with angular velocity Ω 1 where as the upper disc is rotating with Ω 2 . The density variation in centrifugal and Coriolis force terms are taken into consideration by invoking a linear density-temperature relation and Boussinesq approximation to account the buoyancy effects. The non-linear governing partial differential equations are transformed into system of ordinary differential equations by using the similarity transformations. Homotopy Analysis Method (HAM) has been used to solve the resulting equations. Graphical illustrations of the dimensionless velocity, concentration and temperature profiles are presented at different values of the emerging parameter of the present study. It has been found that as an increase in couple stresses leads to the decrease in velocity, temperature and increase in concentration of the fluid. Flow velocities, temperature and concentration profiles are decreases with an increase in reaction parameter.
dealing with the fundamentals of rotating fluids is the class of disc flows. The axisymmetric flow induced by a single rotating disk using an ingenious similarity transformation has been introduced by Karman [1] . Batchelor [2] proved that the same transformation can be applied to the fluid which is in between two rotating parallel disks about different speeds with a common axis. Numerous analysis have been carried out in the past for the rotational buoyancy effects in steady flows. The rotational buoyancy effects on non-isothermal flow between rotating discs has been presented by Hudson [3] . Jiji and Ganatos [4] presented the micro scale flow and heat transfer between rotating disks under the steady state. Batista [5] presented the analytical solution of the incompressible Navier-Stokes equations in case of the steady flow between two co-rotating disks. Nazir and Tahir [6] analyzed the viscous fluid flow and heat transfer between rotating contracting disks. Srinivasan and Satish [7] studied the nature of stress power-law fluids flow between parallel rotating discs with distinct axes. Most recently, Hayat et al. [8] investigated the MHD flow and heat transfer between coaxial rotating stretchable disks in a thermally stratified medium.
The transfer of heat and mass is significant under the effect of the first order chemical reaction in chemical technology and in the industries like hydrometallurgy. The reaction effects may exert a significant role in many materials processing systems. These are included in the co-current buoyant gas-liquid upward flow in bed electrodes [9] , the generation of the electrochemical bromine in porous electrode systems [10] , Sodium Oxide-Silicon dioxide glass melt flows [11] and the manufacture of intumescent paints for the applications of fire safety [12] . In addition, research on chemical reaction and thermophoresis effect with heat and mass transfer can help to design for chemical processing equipment, distribution of moisture and temperature over agricultural fields as well as groves of fruit trees, dispersion and formation of fog, cooling towers, food processing. The effect of heat and mass transfer and chemical reaction on the flow past a vertical plate, between parallel plates and between concentric cylinders have been investigated by many researchers. But much attention is not focused on the flow between rotating discs.
The effect of Dufour is the enthalpy flux caused by a concentration gradient and appears in the energy equation for a multi component mixture. These effects depend on thermal diffusion is very small but from time to time which is significant when the contributing species are of extensively conflicting molecular weights. For mass diffusion the temperature gradient also works as driving force, which is called thermo-diffusion (soret effect). Generally soret effect is significant under a large temperature gradient when one or more chemical species is present. Chapman and Cowling [13] and Hirshfelder et al. [14] investigated the soret and dufour effect on heat and mass transfer has been developed from the kinetic theory of gases. They calculated the necessary formulas for the thermaldiffusion factor and the thermal diffusion coefficient for polyatomic gas mixtures or monotonic gasses. Eckert [15] proved that the dufour effect cannot be neglected since it is of substantial order of magnitude. Natural convection on transient and steady flow from a vertical surface with thermal-diffusion and diffusion-thermo effects have been considered by Dursunkaya and Worek [16] , whereas the same effects on steady state mixed convection boundary layer flow along the vertical flat plate was examined by whereas Kafoussias and Williams [17] . Most recently, Hayat et al. [18] presented the effects of Soret and Dufour in MHD peristalsis of pseudoplastic nanofluid with chemical reaction. Duba et al. [19] studied the Soret and Dufour effects on thermohaline convection in rotating fluids.
Many fluids in technical processes exhibit nonNewtonian behavior because the conventional Newtonian fluids are not specifically explains the characteristics of real fluids. Bulent Yesilata [20] presented the viscoelastic flow with viscous heating effects between rotating parallel discs. Hayat et al. [21] presented the nature of the second grade fluid with MHD flow in a porous channel. Stokes [22] introduced the couple stress fluids, which have different features such as non-symmetric stress tensor, body couples and couple stresses. These fluids are able to describe various types of blood, suspension fluids, lubricants etc. Stokes [23] was reported a review of couple stress fluid dynamics. Gaikwad et al. [24] presented the analytical study of couple stress fluid with Soret and Dufour effects in double diffusive convection in cases of linear and non-linear. Peristaltic flow of a couple stress fluid under the effect of an endoscope in an annulus have been discussed by Mekheimer and elmaboud [25] . Hayat et al. [26] presented the couple stress fluid flow at stagnation point with melting heat transfer. Most recently, Asad et al. [27] studied the nature of couple stress fluid flow with variable thermal conductivity.
Liao [28] proposed the homotopy analysis method. Various types of linear and nonlinear equations such as homogeneous, non-homogeneous, coupled and decoupled equations can be solved effectively by using HAM. In which base functions can choose with great freedom to solve any nonlinear problems [29] . Later he [30] presented an optimal HAM for strongly nonlinear differential equations. Rashidi et al. [31] presented the effect of radiation on a micropolar fluid in a porous medium analytically using HAM. Recently, convergence and optimality of auxiliary parameters has been discussed by Srinivasacharya and Kaladhar [32] with HAM solution for couple stress fluids. In view of the above-mentioned applications and investigations, the present article presents the fully developed mixed convection flow of couple stress fluid with first order chemical reaction and cross diffusion effects in between rotating parallel disks. The governing system of equations have been solved using HAM. The profiles of velocity, temperature and concentration are discussed with varying emerging parameters of the present study.
Theoretical Model
Consider the flow of a steady, incompressible, laminar, axisymmetric couple stress fluid with cross diffusion effects in between two parallel rotating disks separated by a distance d. On the lower disc the cylindrical coordinate system (R, φ, Z) is established with the origin at the disk center and rotating with it. Let the condition of lower disk be the reference. The flow diagram of two parallel rotating discs are shown in Fig. (1) . The lower disc is placed at Z = 0 whereas the upper disc is placed at Z = d. The upper disc is rotating with Ω 2 and the lower one is rotating with an angular velocity Ω 1 . Uniform temperature T 1 and concentration C 1 are maintained on lower disc, while the other is maintained at T 2 and C 2 respectively. The fluid has constant physical properties. The Boussinesq approximation is invoked by considering the buoyancy effects induced by the body forces i.e., the Coriolis and the centrifugal forces and the gravity are linked with the density due to the rotation of the disc and the curvilinear motion of the fluids, these all are taken as variables. The temperature, concentration relation and linear den-
] is considered for the rotational buoyancy effects, where the subscript r denotes a reference state. β C and β T are the coefficients of solutal and thermal expansions.
With the above assumptions and considerations, the governing equations for the flow are given by Ω Ω j 
∂U ∂R
where in the direction R, φ and Z, the velocity components are U, V and W respectively. T is the temperature, C is the concentration, ν is the kinematic viscosity, C p is the specific heat at constant pressure, C s is the concentration susceptibility, D m is the mass diffusivity, g is the acceleration due to gravity, k 1 is the rate of chemical reaction, K T is the thermal diffusion ratio, P is the pressure, T m is the mean fluid temperature, η 1 is the coupling material constant and α is the thermal diffusivity. P * = P − P r is the difference between local pressure and the reference and ∇Pr /ρr = Ω × Ω × R + g is the conservative part of the pressure field.
On the disks, according to the no-slip condition, the radial and axial velocities (U and W) are zero. At the lower disc the tangential velocity V is equal to zero. Though, the tangential velocity at upper disk is R(Ω 2 − Ω 1 ) due to the relative motion of two disks. Hence the boundary conditions are given by
Introducing the following similarity transformations
where ΔT = T 2 − T 1 and ΔC = C 2 − C 1 are the characteristic temperature and concentration differences respectively. G is the tangential velocity, H is the axial velocity and θ is the temperature function. The transformation is of Karman type but these are extended to the temperature and concentrations. The final dimensionless form of the governing equations (1)-(6) are of the form:
using (9), (8) in (2), (4) and by eliminating pressure term we get
where the superscript () ′ denotes differentiation with respect to η, the relative importance of thermal diffusion effects from viscous is indicated by the Prandtl number Pr = ν α whereas the relative importance of solutal diffusion effects from viscous indicated by the Schmidt number Sc = 
is the Dufour num-
Boundary conditions (7) in terms of G, H,θ and ϕ become
The parameter γ =
Ω2−Ω1
Ω1 denotes the relative rotation rate to the upper disk with respect to the lower disk.
By definition, friction factor is C f = 2μ ∂U ∂n w /ρ(RΩ 1 ) 2 , in normal direction to the walls the velocity gradient is denoted by ∂U ∂n w . The friction factors at disks 1 and 2 in the direction are given by: 
Solution of the problem by HAM

The initial approximations of H(η), G(η), θ(η) and ϕ(η) are chosen as
with the the auxiliary linear operators
such that
where c i (i = 1, 2, ..., 12) are constants. 
Fig. 2: h curve for H(η)
The non-zero convergence control parameters h 1 , h 2 and h 3 [32] ). The validity of the convergence control parameters is shown through the Table 1 . Since the values of D f increases due to either an increase in the temperature difference or decrease in the concentration difference. Therefore the velocity profiles decreases with the increase of the Soret number i.e., the lowest peak of the reverse flow velocity compatible with the lowest Dufour number and highest Soret parameter. The effects of Dufour parameter D f and Soret parameter S r on temperature profile is presented in Fig. 9 . It is observed that, an increase in S r (or decrease of D f ) leads to the decrease in the temperature profile of the fluid. The parameter S r (Soret number) does not enter directly into the energy equation and the effect of the Dufour grimace the heat fluxes and intensify the mass fluxes. Hence the flow heats vigorously with the increase of the Dufour parameter. Fig. 10 demonstrates that the concentration of the fluid increases as Dufour effect decreases (or Soret effect increases). This is because of temperature gradients contribution to diffusion of the species. The effects of Dufour and Soret parameters, chemical reaction parameter on the physical parameters like skin-friction coefficient, rate of heat and mass transfers are shown in Table 2 . It can be seen from this table that the value of friction factor increases with an increase in the chemical reaction parameter. It is observed that as the reaction parameter increases the heat and mass transfer rates also increases. Finally, the effects of Soret and Dufour effects on friction factor and the heat and mass transfer rates are shown in this table for the fixed values of the reaction parameter. The exploits of these parameters is apparent from the Table 2 and therefore are not explained for briefness.
Results and discussion
Graphical illustrations for velocity profiles F(η), H(η), G(η), θ(η)
and
Conclusions
In this present study, the effects of chemical reaction with Soret and Dufour on steady couple stress fluid flow in between rotating parallel discs have been presented. Similarity transforms have been used to transform the governing equations into the system of ordinary differential equations. Homotopy analysis method has been applied to get approximate analytic solutions. Due to rotation of the discs the Coriolis forces and the centrifugal are introduced into the momentum equation. The profiles of the dimensionless velocity, temperature and concentration for the various values of the emerging parameters of the present study. In table form the skin-friction and the heat and mass transfer rates are presented. From this study it is clear that the fluid velocity, temperature decreases and the concentration of the fluid increases as an increase in S. There is decrease in the velocities, temperature and the rate of mass transfer of the fluid whereas the concentration, skin friction, heat transfer rate increases with the decrease of Dufour number (or increase of Soret number). When there is an increase in the reaction parameter there is decrease in the velocity, temperature and concentration and increase in friction, rates of heat and mass transfer.
